T he recently affirmed Patient Protection and Affordable
Care Act (ACA) of 2010 is a source of great optimism for many. It promises to extend health insurance coverage to most uninsured Americans while also including features to increase the efficiency and quality of our health care system. The ACA includes a recently launched demonstration program for Accountable Care Organizations (ACOs), which began operation in 2012. ACOs represent an important step toward reform of the payment system, placing systems of care at risk for the total spending incurred by patients. ACOs, however, work within the framework of the current fee-for-service system that also guarantees beneficiaries the flexibility to go to any participating provider they choose. Consequently, organizations that choose to become ACOs assume substantial risk without being given tools to exercise influence over patient choices.
ACOs require the participation of groups of physicians, with or without hospitals. What is not clear, however, is how to best identify groups of physicians who will together form an ACO. 1 The current approach is to let ACOs self-identify in that the ACO identifies the physicians that will be included in the ACO for purposes of assignment of patients. An alternative approach, explored here, would be to utilize prior care patterns to identify groups of physicians that appear most ready to become accountable for a defined population of patients on the basis of their documented preexisting care patterns.
Identifying ACOs based on care patterns can be done using the tools of social network analysis. Using administrative claims, one can identify physician networks based on shared patients, wherein physicians are the "nodes" and "ties" connect physicians who share patients. [2] [3] [4] Within such networks, one can potentially identify preexisting "communities" of physicians who are more interconnected than would be expected by chance using computational algorithms developed for studying such networks. [5] [6] [7] [8] The methods for identifying such communities are not dependent on hospital or integrated delivery system affiliation and therefore can be useful for identifying groups of physicians that might or might not be best suited to becoming ACOs. The extent to which such organically defined networks overlap with preexisting physician organizations or integrated delivery systems would be useful information to organizations contemplating becoming ACOs or to payers looking to identify appropriate organizations for such contracting arrangements.
We used a network community detection method to identify groups of physicians using comprehensive, national data from the Medicare program from 51 markets. We identify communities of physicians in each of these markets and examine the proportion of care delivered within these communities. As a point of comparison, we then compared our results with those that would be obtained by organizing ACOs around single hospitals based on their extended hospital medical staff (EHMS) as proposed by Fisher et al, 9 which is another method that has been proposed for empirically identifying ACOs. The EHMS approach assigns physicians to the single hospital where the plurality of their inpatient work is done, or where their patients receive inpatient care.
METHODS

Overview
The presence of shared patients identified with administrative data can be used to discern ties relevant to patient care among pairs of physicians and, hence, can be used to define physician networks. 10 Here, we use physician encounter data from the Medicare program for 100% of patients living in randomly sampled hospital referral regions (HRRs) and define networks where the connections between individual physicians are identified on the basis of patient sharing. We then apply a mathematical algorithm to identify "communities" of interconnected physicians within each area, wherein each physician is assigned to a single community, and we describe the composition of these community-based networks. 5, 6, 11, 12 
Data Sources
To maximize data on shared patients among physicians practicing in local areas, we obtained data for 100% of Medicare beneficiaries (including those below age 65) living in 50 market areas (defined as hospital referral regions) randomly sampled with probability proportional to their size as well as the Boston HRR; this was the maximum amount of data CMS would release. HRRs represent regional markets for tertiary care defined based on cardiovascular and neurosurgical procedures. 13 We excluded patients enrolled in Medicare Advantage because we did not have claims for these patients. We obtained information on physician specialty and practice location directly from the claims submitted by each physician.
Identifying the Sharing of Patients and Constructing Physician Networks
We identified shared patients based on significant encounters from physician claims submitted to Medicare. These data can then be used to count the number of patients shared by each pair of physicians and to create physician networks based on shared patients. More details on defining significant encounters and our methods for creating physician networks are available in the Technical Appendix (Supplemental Digital Content 1, http://links.lww.com/MLR/A486).
Assigning Patients to Physicians
We assigned beneficiaries to a primary care physician (PCP) using an algorithm that matched the beneficiary to the PCP who provided the plurality of his/her evaluation and management (E&M) visits over the study year. In cases where a beneficiary had no contact with a PCP, she was assigned to a specialist physician using the same algorithm. Our assignment algorithm prioritizes PCPs because the ACO regulations specify ACO assignment on the basis of primary care contact. 14 
Assigning Physicians to a Primary Hospital and Creating Hospital-based Networks
We assigned each physician with an office located in a sampled HRR (assessed using the plurality of their submitted claims) to a principal hospital based on where they filed the plurality of inpatient claims or, if they did not perform any inpatient work, to the hospital where the plurality of patients they saw received inpatient care. 9, 15 For comparison with our community-based networks, we also defined networks based on these hospital assignments among physicians in the same hospital. In addition, we also identified the second most frequently used hospital for each physician in the hospitalbased networks to determine whether 2 hospitals should be included when determining care within a network. 9 Identifying Network "Communities"
To uncover the community structure of each HRR network, we applied an algorithm introduced by Newman 11 and refined by Newman and Girvan 12 that detects groups within networks that share more ties than would be expected by chance alone. 8 This so-called modularity maximization algorithm assigns each physician to a single community, and communities are comprised of distinct, nonoverlapping groups of physicians. The null model incorporated in the method adjusts for the fact that nodes (physicians) with high degree are more likely to be connected than nodes with low degree. The community detection process is depicted schematically in Figure 1 and more details are provided in the Technical Appendix.
Hospitals were then assigned to communities based on where community members admitted their patients. Because ACOs likely would need to concentrate their hospital care within a select set of hospitals, we included for analysis up to 2 hospitals that shared the most admissions for patients cared for by community members. Of note, hospitals could be assigned to >1 community, although physicians could only be assigned to a single community. Our approach, which starts by thresholding the network and then proceeds to the actual community detection, is depicted in Figure 1 .
Network Measures
For each community-based and hospital-based network, we calculate several measures, including the number of pa-tients shared by the physicians and the proportion of network ties that are to other physicians within the network. Degree is defined as the number of other physicians within the network who are connected to a physician through patient sharing. To account for Medicare patient volume, we calculated the "adjusted degree" by dividing each physician's degree by the total number of Medicare patients the physician shared with other physicians.
Statistical Analyses
We excluded from our analyses community and hospital networks with fewer than 3000 assigned patients. Although this exclusion resulted in the elimination of a substantial number of small hospital networks (314) and a smaller number of community networks (28), this only resulted in excluding approximately 2% of physicians and 1% of patients from our analyses. Although ACO regulations require a minimum of 5000 Medicare patients to participate in the program, those patients are assigned over a 3-year period so we elected to use a somewhat lower threshold.
We first describe the community-based and hospitalbased networks in each of the 51 HRRs. We then calculated the percentage of hospitalizations, emergency room visits, and physician visits that occur within networks defined by community membership or by hospital affiliation. We also aggregated these results to the HRR level by taking a weighted average across all defined networks within an HRR. Finally, because community-based networks were generally larger than hospital-based networks, we computed adjusted rates estimated for the median sized community and median size hospital network to make these comparable.
All statistical analyses were performed with SAS, version 9.2 (Cary, NC). 16 All network analyses were implemented with Python, NetworkX, and R. We visualized networks using the Fruchterman-Reingold algorithm as implemented in igraph to optimally position physicians in the visualizations based on their patient-sharing relations, illustrating the coherence of the community assignments to this spring-embedder algorithm. 17 This study was approved by the institutional review board at Harvard Medical School.
RESULTS
We studied 4,586,044 Medicare beneficiaries from 51 HRRs who were seen by 68,288 active physicians practicing in those HRRs. Descriptive information about the HRRs is presented in Table 1 . The mean number of Medicare beneficiaries per HRR was 138,011 (range, 19,424-619,957). The mean number of physicians was 1339, and almost two-thirds of physicians were specialists. The average number of hospitals per HRR after eliminating hospital networks with fewer than 3000 patients was 8 and the similar number of detected network communities was 6.
Network Characteristics
After excluding networks with fewer than 3000 assigned patients, we identified 416 hospital-based networks and 273 community-based networks ( Table 2 ). The median number of physicians per community-based network was 165, linked together by 4427 ties, whereas the hospital networks FIGURE 1. Example of community-network construction for a very small hospital referral region. We start from the claims data, which can be represented as a bipartite network connecting physicians to their patients (not shown). This network is then projected to a unipartite or 1-mode network, which in this case consists of physicians only (the nodes), and ties connect 2 or more physicians if they have shared patients. This typically results in a very tightly knit network (A). Each network tie is then assigned a "strength," which is a number that quantifies the number of patients any 2 physicians share. In order for a tie to exist between them, by definition the physicians must share at least 1 patient, but many share several more. Because most of the connections between physicians turn out to be weak, corresponding to just 1 or 2 shared patients, we filter the network by keeping, for each physician, only the strongest 20% of their ties. Note that for a tie to be retained between any 2 physicians, the tie has to fall in the top 20% for each physician. The tie thresholding process results in a sparser network with arguably only the more influential connections left in place (B). Finally, we apply the method of modularity maximization to detect network communities, which are sets of densely connected nodes. In (C), we show the outcome of community detection and color the nodes based on their community assignments. For example, the green nodes in the upper left corner form a fairly densely connected group with few connections to nodes in other communities. This is an example of a community network.
had a median of 96 physicians linked together by 2214 ties. The median number of other physicians in the community network to whom a physician was connected per 100 Medicare beneficiaries cared for (adjusted degree) was 27 (range, , whereas the median adjusted degree for hospital networks was 22 (range, 4-176). Fifty percent of ties in communities were to other physicians in the community as compared with 29% of ties in hospital networks.
Community networks more commonly included at least 1 physician from specialties such as orthopedics and cardiology. For instance, 91% of community networks had at least 1 neurologist compared with 82% of hospital networks (P < 0.01, Table 2 ).
We also identified the second most commonly used hospital for each community-based and hospital-based network to examine whether a second hospital should be included for the purpose of determining care within the network. If 2 hospital-based networks were to form an ACO together, each of 2 hospitals should serve as the second choice hospital for admission for doctors from the other hospital; however, for most hospitals (73%), the second most commonly used hospital had a different hospital than the first as its most commonly used hospital. Thus, hospital-based networks that included both the primary and secondary hospital could not be constructed using this approach as the second hospital and its affiliated physicians would usually have a third hospital as its most common alternative. In contrast, this is not an issue for communitybased networks, because these networks were detected solely based on patient sharing. Table 3 presents data on the proportion of care delivered within hospital-based and community-based networks. The first 2 columns present the mean proportion of each type of care for both types of networks. Because the amount of care within a network is higher with larger networks, the next 2 sets of columns present model-estimates based on networks of a standardized size because, in general, hospital-based networks are smaller than the community-based networks we observe. The sizes were chosen to reflect the size of the median hospitalbased network (n = 96 physicians) and the median community network (n = 165 physicians). Finally, the last set of columns show HRR-level results to determine whether particular markets seem better suited for targeting for ACO formation.
Defining Location of Care Based on Network Type
On average, 66% of hospital admissions were in the assigned hospital, and 73% of community admissions were to the most frequently used hospital when limiting to 1 hospital per community (P < 0.01). When allowing a second participating hospital per community (as communities are not hospital-based), 75% of admissions occurred within the community. The proportion of emergency room visits within the network also was similar for both community-based and hospital-based networks at about 40%, but again these were slightly higher for community-based networks (P < 0.01). Significance test compares the mean values. *P < 0.05. **P < 0.01. ***P < 0.001. PCP indicates primary care physician.
For physician visits, 40% of all visits occurred with physicians in the hospital-based networks as compared with 77% with physicians in the community-based networks (P < 0.01). Just 8% of specialist visits were to specialists within the hospital-based network as compared with 61% of specialist visits within the community-based network (P < 0.001). Results adjusted to the median-sized hospital network and median-sized community network followed a similar pattern. Plots by network size of the proportion of visits within the network for PCPs and specialists are presented in the Technical Appendix. The weighted average of the percent of admissions occurring within the community when limiting to 2 hospitals ranged from 43% in one HRR to 99% in another HRR (Table 3 , right columns). Similarly, the number of physician visits occurring within communities within a market ranged from 39% to 89%. 
DISCUSSION
Controlling escalating costs of care while also maintaining or improving quality likely will require new payment models that promote improved communication and coordination among providers caring for populations of patients. The use of ACOs, which are reimbursed based on a fixed budget with potential sharing of both upside and downside risk, is the most prominent policy option currently being implemented by the Centers for Medicare and Medicaid Services to accomplish these aims. ACOs, however, will face significant challenges related to Medicare beneficiaries' right to seek care outside of their organizations. Here, we present a novel method that can be used to define organizations or groups of providers that might readily function as ACOs. Members of networks defined in this manner already exhibit close working relationships and, importantly, maintain the vast majority of care within these organic network communities. Thus, ACOs defined in this way might be the most ready to become accountable for the care they deliver.
An alternative approach would define EHMS networks for each hospital, which includes care provided by both the primary hospital and the second most commonly used hospital for physicians in the hospital-based network. 9 A prior paper describing this approach suggests that, defined this way, much of the care delivered would be provided by these groupings of physicians and 2 hospitals. We see a number of limitations associated with this approach. First, although one can define an EHMS for each hospital, these EHMS's will be nonexclusive and overlapping. For instance, if the second most preferred hospital for hospital A is hospital B, but the second most preferred hospital for hospital B is hospital C, then physicians potentially would be members of multiple, competing ACOs. Although this might be reasonable for some specialists, the lack of a single strong affiliation likely would lessen both the accountability and management influence of any 1 particular ACO. Similarly, if many of the secondary hospitals are referral institutions, the affiliated physicians of the referral hospital HRR is hospital referral region (as defined by the Dartmouth Atlas of Health Care). Percent of care refers to the percent of visits by affiliated patients that occur with physicians or hospitals assigned to the specific network.
w Significance tests derived from the same regression model adjusted for number of physicians and the log number of physicians. *P < 0.05. **P < 0.01. ***P < 0.001. would be aligned with multiple ACOs, so it might be difficult for any 1 ACO to influence their behavior. In contrast, our approach using community detection partitions physicians into mutually exclusive, nonoverlapping networks of physicians, even if some share use of the same hospital(s).
Another logical approach to defining ACOs would be based on ownership or formal affiliation to a network of hospitals. These formal organizational constructs, however, do not always conform to actual patient-sharing that we observe in a community, as seen in Figure 2 . For instance, 67.2% of community physicians would have been assigned to the same hospital. In contrast, 91.5% of physicians assigned to a hospital network using our methods would have been assigned to the same community network. Thus, although there is overlap, we are identifying substantially different constructs. Although, as ACOs evolve these organizations might exert pressure on member physicians to restrict care to within the ACO, this will require overcoming years of accumulated referral and patient-sharing practices, and it would likely require substantial changes in both clinician and patient behavior as well as changes in existing care and referral patterns. To the extent that our organically defined networks closely overlap with formal organizational constructs, these organizations would be ideal organizations to enter ACO-like arrangements. In fact, community-based network detection methods could be used to assess to what extent physicians within formal networks are closely connected, suggesting they may be well-suited to function as an ACO, or to follow the evolution of such organizations over time as they enter into risk arrangements.
Finally, our approach identifies specific markets that might be ripe for experimentation. To the extent that particular markets seem to have identified care patterns with lesser degrees of overlap, these markets represent opportunities for more systemic changes that might accompany becoming ACOs. Alternatively, markets characterized by more overlapping hospital networks and indistinct network communities may have much more difficult times succeeding under these arrangements. Thus, our community detection approach suggests ways to identify where intervention is required before assuming bundled payments and what groups may be ready to experiment with bundled payments because of their preexisting, organic care patterns.
Our study has several limitations. First, we discerned networks based on a single year of Medicare data from 2006 who were living in one of 51 HRRs. We do not believe the age of the data is a problem, and, in any case, it is always difficult to obtain and analyze Medicare data without several years passing, given how such data are released. Moreover, in contrast to many other studies, we had comprehensive data on care for all FFS Medicare beneficiaries delivered in these areas during that time period. Future work ideally would use longitudinal data to validate our approach using 1 year of data to define the networks and a second year of data to quantify care delivery. An additional consideration is that we may have missed some visits by patients living near the periphery of their HRR, but we believe we captured most of patients' care, because HRRs were defined based on where patients get care. Second, we lacked data from other insurers in the market and so could only discern relationships relevant to the FFS Medicare population (84% of the Medicare population in 2006). 18 Although we believe that these patient-sharing relationships are unlikely to be insurer-specific, future work using all payer datasets would be needed to confirm this. Third, we could not incorporate data on market characteristics, such as the extent of provider group consolidation and/ or integration with hospitals. Although such relationships are likely important contributors to the types of ties we discern from our data, our methods are agnostic to the presence of these types of formal arrangements. Such consolidation is likely 1 explanation for the wide variation we see across HRRs. It is also likely that in some markets, there will be substantial overlap between the community and hospital networks that we defined based on these factors. Fourth, community-based networks, as operationalized here, tended to be larger than hospital-based networks. Although our analyses sought to control for these differences, these larger networks naturally will encompass more care, which is actually an advantage from the point of view of how ACOs are defined. Finally, we recognize that forming ACOs strictly from empirical patient-sharing data using a method such as ours may be difficult to implement, even if the ascertainment of the candidate ACOs is not. But, at least initially, the approach might be especially easy to explore in areas where organically defined networks closely overlap with formal organizational constructs.
In conclusion, we describe a novel approach for identifying naturally occurring networks of physicians who work together to provide the majority of care to affiliated patients. These networks of physicians have emerged organically and have established relationships and patterns of sharing and caring for patients. Thus, these methods might be especially suited to identifying organizations of physicians that have the highest potential to succeed in delivering coordinated and integrated care, as well as markets that seem to be especially ripe for experimentation with ACOs. Finally, because of their easy availability, claims can also be used as a passive and inexpensive monitoring tool for ACOs by policy makers over time.
